Estradiol acts as a neuromodulator in brain regions important for cognition and sensory processing. Estradiol also shapes brain sex differences but rarely have these concepts been considered simultaneously. In male and female songbirds, estradiol rapidly increases within the auditory forebrain during song exposure and enhances local auditory processing. We tested whether G-proteincoupled estrogen receptor 1 (GPER1), a membrane-bound estrogen receptor, is necessary and sufficient for neuroestrogen regulation of forebrain auditory processing in male and female zebra finches (Taeniopygia guttata). At baseline, we observed that females had elevated single-neuron responses to songs vs males. In males, narrow-spiking (NS) neurons were more responsive to conspecific songs than broad-spiking (BS) neurons, yet cell types were similarly auditory responsive in females. Following acute inactivation of GPER1, auditory responsiveness and coding were suppressed in male NS yet unchanged in female NS and in BS of both sexes. By contrast, GPER1 activation did not mimic previously established estradiol actions in either sex. Lastly, the expression of GPER1 and its coexpression with an inhibitory neuron marker were similarly abundant in males and females, confirming anatomical similarity in the auditory forebrain. In this study, we found: (1) a role for GPER1 in regulating sensory processing and (2) a sex difference in auditory processing of complex vocalizations in a cell type-specific manner. These results reveal sex specificity of a rapid estrogen signaling mechanism in which neuromodulation accounts and/or compensates for brain sex differences, dependent on cell type, in brain regions that are anatomically similar in both sexes.
S ex differences in anatomical features have been observed throughout the central nervous system in vertebrates. For regions that do not differ structurally between males and females, anatomical similarity could belie underlying sex differences in physiology and modulation (1) . In many songbird species, song production is male specific and is associated with robust sex differences in the song motor pathway (2, 3) . By contrast, the structure and size of the songbird auditory network are considered largely similar in males and females (4, 5) . Specifically, the songbird caudomedial nidopallium (NCM; analogous to secondary auditory cortex) is not sexually dimorphic in structure, yet some NCM firing states appear divergent between males and females (6, 7) . It is currently unclear whether and how these observed differences manifest in the auditory response properties of single NCM neurons. In both sexes, NCM is selective for complex song stimuli (8) (9) (10) (11) , and it is hypothesized to be a locus for auditory memory and discrimination (12) (13) (14) (15) . Auditory processing is essential for both males and females, yet song is a sexual stimulus that can have differing contextual meaning and salience depending on the sex of the listener and its hormonal state (7, 11, (15) (16) (17) (18) (19) (20) (21) . A focused examination of sex differences in songbird auditory physiology can likely provide insights into sex differences in hearing, language development, and neuroendocrine mechanisms in other vocal-learning species, including humans (22) (23) (24) .
Hormones and genes organize brains into "male-like" and "female-like" states (25) (26) (27) . Sexually dimorphic neural circuits can support differentiated motor behaviors and traits (28) , but they can also compensate to maintain similarity between sexes when hormonal, genetic, and/or morphologic factors differ (29) . A key hormonal mechanism associated with sex differences in vertebrates is the neural production of estradiol, which can shape long-term gene expression in the brain (4, 25, (30) (31) (32) . In humans and songbirds, estrogens are locally produced within the auditory cortex, including at synaptic terminals (33) (34) (35) . Evidence for sex differences in estradiol production and action in the songbird NCM is mixed. The abundance of aromatase-positive neurons in NCM is similar in male and female zebra finches; however, notably, males have elevated aromatase expression and enzymatic activity within presynaptic terminals (34, 36) , as well as higher-density clustering of aromatase cell bodies (37) . In vivo, local NCM estradiol is acutely elevated when birds hear conspecific song (38, 39) , and exogenous estradiol increases auditory neuronal responsiveness (8, 39) in a similar manner in adult males and females. However, brain-derived estradiol fluctuations differ between the sexes in juveniles (40) , as well as in response to visual inputs (38) . Against this backdrop, one current route to clarify the relationship between sex differences in brain aromatase and rapid neuroestrogen signaling is to examine the sex-specific regulation of estrogen receptors (ERs) and signaling pathways (4) .
Classical nuclear receptor agonists for ERa and ERb do not mimic rapid estradiol actions in NCM of males (41) , suggesting that an alternative receptor may mediate these fast changes in auditory responsiveness. The membrane-bound G-protein-coupled ER1 (GPER1) can mediate rapid estrogen signaling in other species (42) and is expressed in mammalian, avian, and teleost brain (43) (44) (45) (46) . In mammals, rapid estrogen signaling is mediated by GPER1 in both the hippocampus (47) (48) (49) (50) and striatum (44) , and the acute actions of estrogens on hippocampal synaptic transmission are sex specific, mediated, in part, by GPER1 (51) . Therefore, GPER1
may have an essential function in zebra finch auditory processing. Previous studies show that GPER1 is widely expressed throughout the auditory forebrain, and sex differences in expression appear during key development milestones in zebra finch song learning (46) . Despite these insights, GPER1 activation has never been tested in a sensory context in any system. The exploration of this question in songbirds offers the opportunity to study how GPER1 regulates the auditory firing properties of individual neurons in response to ethologically relevant stimuli.
For these reasons, we tested two primary hypotheses: that (1) the response properties of single NCM neurons differ between males and females, and (2) auditory processing and coding are regulated by GPER1 at the level of single neurons in NCM. We report sex differences in auditory processing and information coding that are cell-type specific. We further show that GPER1 is necessary to maintain this sex difference but that activation of GPER1 alone does not mimic the actions of estradiol.
Materials and Methods

Animals, study designs, and drugs
Adult (.120 days post-hatch) male and female zebra finches were housed in single-sex cages in flight aviaries with food and water available ad libidum (14-hour day/10-hour night). All animals were gonadally intact. Protocols for animal care and use were approved by the Institutional Animal Care and Use Committee at the University of Massachusetts. Males (n = 27) and females (n = 27) were collected across four electrophysiological studies that had the same within-subject design [artificial cerebrospinal fluid (aCSF), drug, aCSF]. To examine potential sex differences in firing at predrug conditions, results from the first aCSF trial were pooled across all four studies (n = 27 males and 27 females each). The three drug-treatment studies with antagonist G36 (100 mM; males n = 5, females n = 5) and agonist G1 at two doses (low dose 100 nM: males n = 10, females n = 8; high dose 100 mM: males n = 5, females n = 6) include all data from pre-drug, drug, and post-drug trials. To determine drug selection and doses, we relied on a mixture of in vitro cell and in vivo animal work to inform our choices. GPER1 is a highly conserved protein, and zebra finch GPER1 is 82.5% homologous with the human form of the receptor (Basic Local Alignment Search Tool), and there is also 83.6% homology of the binding motifs of human and zebra finch GPER1 for both G1 and G36 [UniProt sequence reported in Mendez-Luna et al. (52) ]. G36 is a more specific antagonist than another known antagonist, G15, at higher doses, as it has a bulky isopropyl moiety similar to G1 and thus, is less likely to bind to ERa and ERb (53), so we selected G36 as the antagonist. For G1, there is a known in vitro limit to specificity of G1 (as opposed to G36), so we selected two doses that represent a high dose (100 mM), which can elicit nonspecific estrogen binding to other ERs in vitro but is comparable with doses in other bird studies that measure behavioral outcomes [;60 mM in quail third ventricle (54, 55)], as well as mammals (;19 mM) (47), and a low dose, which is within the specificity range (100 nM) (53) . One study has demonstrated agonism of G1 and antagonism of G15-another GPER1 antagonist-in the zebra finch when administered through a silastic capsule dorsal to the hippocampus (55) . Additional animals (males n = 7, females n = 6) were added from Trial 1 aCSF-only recordings for a larger comparison across studies. A separate set of males (n = 7) and females (n = 6) were collected from the same aviaries for the immunofluorescence study.
Surgery
We used protocols adapted from previously published methods (8, 9, 39, 56, 57) . Animals underwent stereotaxic surgery to affix headposts and draw markings on the skull for NCM coordinates. Animals were removed from the larger aviary just before surgery and were isolated from food for ;20 minutes to prevent aspiration during anesthesia. Based on weight, 35 to 45 mL equithesin was injected into the pectoralis muscle. Approximately 20 minutes following injection, birds were affixed to a stereotax at a 50°head angle.
A local lidocaine injection (10 to 20 mL, 2% in ethanol; Sigma-Aldrich) was subcutaneously administered under the scalp, and the skull was exposed. The bifurcation of the midsagittal sinus ("zero point") was identified by cutting a small window into the upper leaflet of the skull. From here, hatched marks were made in the upper leaflet of the skull over the NCM coordinates (rostral 0.8 mm; lateral 0.8 mm) from the zero point on both left and right hemispheres. A small hole was also made in the upper skull leaflet above the cerebellum, and a silver wire was inserted for grounding during physiology recordings and secured using cyanoacrylate. The scalp was resealed using cyanoacrylate, and dental cement secured the headpost. Birds recovered from anesthesia within 4 hours and were placed in an isolation chamber, housed with at least one other bird for 1 to 2 days until recording.
Electrophysiology and retrodialysis
We performed anesthetized in vivo, single-electrode electrophysiology on our subjects with a retrodialysis probe implanted in NCM. Previous studies testing neuromodulation of auditory neurons in songbirds have used this method to achieve long-term (2 to 3 hours), stable recording sites alongside acute vehicle, drug, and washout administration with retrodialysis (8, 9, 39, 57) . There is a strong effect of habituation on repeated presentations of the same song in awake songbirds (58), which is not present in anesthetized birds (8, 39) . As we wanted to test the same songs presented across drugs trials, we selected anesthetized preparation to avoid this confound. We have also previously demonstrated estradiol enhancement of auditory responsiveness to song in urethane-anesthetized animals. We used urethane, which has nonspecific effects on multiple neurotransmitter systems (59) . Before recordings, each subject was administered 20% urethane over the course of 2 to 2.5 hours in at least three doses at 30 mL each. Total volume of anesthesia ranged from 90 to 120 mL, depending on the size of the bird. Birds were then secured by the headpost to a custom stereotax (Herb Adams Engineering) at a fixed 50°angle. Each subject was kept on a heating pad to maintain body temperature (DC Neurocraft). All experiments took place inside of a soundattenuation booth (Industrial Acoustics) on an air table (TMC).
The lower skull leaflet and dura were dissected away from the marked exposure. The left NCM was always exposed first, and most subjects had recordings from the left hemisphere (50/54 recordings). If recordings were unsuccessful in the left hemisphere, then the right hemisphere was exposed (4/54 recordings). Right-hemisphere recordings were not systematically different from left-hemisphere recordings for auditory responsiveness and were therefore pooled in our analyses. A prefilled microdialysis probe (CMA 7 with 1 mm membrane; microdialysis probe; CMA Microdialysis) was inserted caudal to the hatched markings and descended ;1.5 mm ventral into NCM. The flow rate of aCSF was 2 mL/min. After 30 minutes of delay from implantation, a single carbon fiber electrode (Carbostar-1; Kation Scientific) was descended immediately caudal (;200 to 500 mm) to the probe to search for auditory sites. Sites were selected between ;0.8 and 1.5 mm ventral from the surface. An auditory site was selected by online confirmation that peristimulus time histograms displayed a positive auditory response to auditory-playback stimuli. All recordings were amplified, bandpass filtered (300 to 5000 Hz; A-M Systems), and digitized at 20 kHz (Micro 1401, Spike2 software; Cambridge Electronic Design). Before recordings, song files for auditory playback were normalized to ;70 decibels. All multitrial experiments use the same recording site and isolated single units for the entirety of the experiment.
Once the site was selected, Trial 1 of the experiments began. Trial 1 consisted of 30 minutes of retrodiaylsis of aCSF, followed by 15 minutes of continuous retrodialysis of aCSF with concurrent playback of song stimuli. Stimuli were three distinct male conspecific songs selected from recordings of birds from the colony at least 3 years before (i.e., outside of age ranges for our subjects) and a white noise sound file totaling four sound files. Each sound file was played back for 20 repetitions pseudorandomly at an interstimulus interval of 10 6 2 seconds, totaling ;15 minutes of stimuli exposure. After the end of Trial 1, the aCSF was switched for the drug trial [100 mM G36 (Azano Scientific); 100 mM or 100 nM G1 (Azano Scientific); stock made in dimethyl sulfoxide and then diluted to concentrations in aCSF for a final dimethyl sulfoxide concentration of 0.5%]. Trial 2 followed the same time course and playback. Trial 3 consisted of a washout with aCSF for the same time course. Following Trial 3 washout, recording sites were lesioned (10 mA for 10 seconds) for confirmation of electrode placement.
Histology
Birds were decapitated immediately following the lesion. Brains were extracted and stored in 20% sucrose/10% formalin solution in 4°C. After fixation, brains were frozen in optimal cutting temperature and stored at 280°C until sectioning. We sectioned at 45 mm using a cryostat (Leica CM 3050S) and mounted onto Fisher superfrost slides. We performed a Nissl stain using 0.25% thionin, and slides were then dehydrated through a series of ethanol washes, followed by Hemo D, and coverslipped using Permount (Fisher Scientific). Sections were visualized under a brightfield microscope (Zeiss Axio Laboratory.A1) to confirm probe-site implantation into NCM. Lesion sites were difficult to confirm as a result of the lack of gliosis. However, all recording sites were confirmed online to exhibit highly phasic, bursting response properties that are characteristic of NCM neurons, and all probes were histologically confirmed to be within NCM.
Auditory responsiveness
Recordings were processed in Spike2 (version 7.04) software. First-pass analysis consisted of measurement of auditory responsiveness in multiunit recordings. Thresholds were set at least twofold above the noise band for rastering multiunit activity. Single units were isolated by sorting spikes, based on waveform shape in Spike2, with thresholds twofold above the noise band (n = 116). A principal component analysis (PCA) confirmed isolated units, and we obtained two to three units from each subject (Fig. 1) . All single units included in our analysis had an interspike interval . 1 ms. We performed an unbiased categorization solely on the PCA to isolate the most distinct waveforms (Fig. 1A, right) . We ran paired t tests for each unit between spontaneous and stimulus-evoked firing frequencies across all stimulus presentations to determine whether units were statistically responsive (P , 0.05) to auditory stimuli for any of the treatment trials. One unit in the G1 low-dose study did not meet this criterion and was removed from our analyses.
For rasterized multiunit and single-unit spike trains, several parameters were measured. Peristimulus histograms were aligned with each sound stimulus, measuring 2 seconds preceding the stimulus for spontaneous activity and 2 seconds after stimulus onset for stimulus-evoked activity. Firing frequency (in hertz) was measured for both multiunit and single-unit firing during spontaneous and stimulus-evoked periods. Auditory responsiveness is represented by the z score as follows: Our descriptive means did not demonstrate systematic differences among the three conspecific song types, so we averaged firing frequency and z scores per unit across the three conspecific songs presented for each unit. White-noise response had a lower firing frequency and z score, so it was not included in the average.
Response latency for each unit was computed, as described by Ono et al. (60) . In brief, for each stimulus (20 trials each) 5 ms-binned peristimulus time histograms were generated and smoothed with a five-point boxcar filter. The means and standard deviation (SD) of the spontaneous firing rate of 100 ms, preceding the stimulus onset, were computed. The latency to fire was defined as the midpoint of the first bin from 0 to 400 ms after stimulus onset when the firing rate exceeded the means + three times the SD of the spontaneous period. If the response did not exceed the threshold within the first 400 ms of stimulus presentation, then latency was not calculated for that stimulus; this contingency only occurred in three units. For conspecific songs, latency was measured relative to the onset of the first nonintroductory note. For each cell, the latencies to fire for each stimulus were averaged (Fig. 1C , left).
Auditory coding
We used a custom pattern classifier coded in Python, based on a similar classifier, originally described by Caras et al. mean accuracy score was generated for each stimulus. Spikecount accuracy was calculated by using the number of spikes within the 2 seconds of song presentation. The stimulus type of the template that yielded the most similar number of spikes to the trial in each comparison was considered the predicted stimulus. Ties were resolved pseudorandomly. We also performed a binned-count accuracy, as described in Lee et al. (62) , but did not find that this analysis significantly altered effects observed in any of the neuromodulatory experiments (data not shown). Spike-timing accuracy was determined in a similar manner, but the binary signals were convolved with Gaussian filters before comparison. We systematically varied the SD (s) of the filter for each cell to determine the optimal integration window (values used: 1, 2, 4, 8, 16, 32, 64, 128, and 256 ms). The filter that yielded the highest accuracy was selected for each cell ( Fig. 1A ; all cells had a s of 16 ms, with the exception of four cells that had a s of either 1 or 2 ms). Templates and trials were compared using the R corr method [Caras et al. (61) ] as follows:
Where s ! represents the vectors of the trial and the template responses after filtering, which are dot multiplied and then divided by the product of their lengths. This calculation returns a value between zero and one, which represents a range from total dissimilarity to total similarity, respectively. For figures representing accuracy coding, these values are depicted as 0% to 100%. The stimulus type of the template that provided the highest R corr (trial, template) value was considered the predicted stimulus for the trial in analysis. A confusion matrix was generated for each unit that illustrates the percentage of accuracy for each predicted and observed song type. All timing and count accuracy data presented here are an average of the correctly assigned percentages across all sound types [three conspecific songs (CONs; CON1, CON2, CON3) and white noise (WN)] to represent an overall accuracy score. Excluding responses to WN, the overall accuracy score did not result in changes to the effects reported below, so all classifier data presented below include responses to WN. After the generation of the confusion matrices, the accuracies of each unit were statistically tested by use of a trial-shuffling approach [modified from Caras et al. (61)]. In brief, responses were shuffled and randomly assigned to stimuli. The classifier ran 1000 times using the random responses as input (timing classifiers were run 1000 times for each s value mentioned previously). Finally, the distribution of original accuracies was compared with the distribution of the random accuracies. As sample sizes were large (1000 3 1000), we opted to use the Cohen d as an indicator of effect size as follows:
X denotes the means of the distributions, and s pooled is the pooled SD. Accuracies were considered significantly greater than random when Cohen d was .0.2, which is indicative of a small, significant positive effect size (63) . Similar to Caras et al. (61) , single units were categorized as timing, count, bicoding, or neither, based on the effect size threshold (Cohen d . 0.2; i.e., if a unit was significant for both timing and count, then it was categorized as a "bicoding" cell; if a unit was significant for neither timing nor count, then it was categorized as a "neither" cell).
Spike width
We measured spike quarter-width duration for each single unit (averaged across all firing incidents of the first trial), which is the duration of the waveform at 25% of the highest absolute peak value. Quarter-width duration of the first largest peak [spike quarter width (SQW); both positive and negative deflection] was the most reliable measurement for the diversity of waveform shapes (Fig. 1A) and has been validated in zebra finch high vocal center to assign "broad" units as projection neurons and "narrow" units as interneurons (64) (65) (66) . The resultant distribution of SQW was bimodal with a dip at ;0.50 ms (Fig. 1B) . However, recent work, especially in NCM, has also used spike peak-to-peak duration to classify cell types, so therefore, we performed peak-to-peak measurements as well. Although a consensus about NCM categorizations is still emerging, two characteristics have been generally consistent with broad vs narrow categories in recent studies: broad cells consistently have a lower firing frequency and a higher latency to fire after stimulus onset (60, 67, 68) . When we examined our cells using the peak-to-peak classification with a cutoff between broad and narrow at 0.4-ms duration, we observed that broad peak-to-peak units could be classified either with a bimodal shape (two clear high and low peaks) or with a strong unipolar peak and a weak afterhyperpolarization event. Unipolar broad cells had longer durations than previous cutoffs (;0.75 ms) (60) . The peak-to-peak classification scheme did not concomitantly segregate cell types based on latency or firing rates, as has been previously reported. By contrast, the division of our population of recorded cells using SQW with a 0.5-ms cutoff clearly distinguished waveform latency [F(1,109) = 6.59, P = 0.012; Fig. 1C , left] and spontaneous firing frequency [F(1,112) = 5.95, P = 0.016; data not shown], where the unipolar broad neurons had a higher latency to fire and higher spontaneous firing frequency. Stimulus-evoked firing frequency was not different between cell types [F(1,112) = 0.079, P = 0.78; Fig. 1C , right]. Because of the consistency of categorizing based on shape and the physiological parameters of latency and firing frequency between both types of classification (peak to peak vs quarter width), we proceeded with SQW for broad-vs narrow-unit classification. Prior work has presented these classifications as putative projection neurons (broad) and putative interneurons (narrow). Our latency data support this hypothesis, but our firing frequency results do not. Moreover, the direction of the spontaneous firing difference is not consistent with previous observations (broad . narrow), and stimulus-evoked firing was similar between broad and narrow neurons. Therefore, we restrict our interpretation of broad vs narrow units as distinct neuronal subtypes but do not make inferences about their putative identities as excitatory/projection neurons vs inhibitory/interneurons.
Immunofluorescence
We isolated males (n = 7) and females (n = 7) from singlesexed aviaries for ;12 to 24 hours before collection. We exposed birds to song before euthanasia for another study not relevant to these analyses. We perfused animals with ice-cold saline and then 4% paraformaldehyde, followed by an overnight fix in paraformaldehyde, and sinking in 30% sucrose in 0.1 M phosphate buffer (PB). We sectioned the brains at 35 mm into cryoprotectant solution. We were interested in double labeling for GPER1 and markers for inhibitory neurons. All antibodies were first confirmed to be specific to zebra finch tissue by running a series of sections that removed one of the primary or secondary antibodies in all of the double-label combinations that we tested. In no case, when we omitted the primary antibody, did we observe cellular staining. Pilot studies indicated that there was no coexpression of GPER1 in any brain regions with specific interneuron markers [parvalbumin, 1:10,000, Research Resource Identifier (RRID): AB_2174013; Millipore] and calbindin (CALB; 1:2000, RRID: AB_476894; Sigma-Aldrich; data not shown). Therefore, we used a polyclonal antibody against glutamate decarboxylase with molecular weight of 67 (GAD67), the enzyme that synthesizes GABA, is expressed in cell bodies of rat and humans (69, 70) , and has two analogs, GAD65 and GAD67, that are found across vertebrates (71) . We determined from the manufacturer and verified with our own control experiment that this antibody only marks a subpopulation of GABAergic cells [i.e., coexpressed with CALB Purkinje neurons in the cerebellum but not CALB cells in the telencephalon (see Fig. 7) ]. CALB has been previously verified as GABAergic in zebra finch (72) , so this marker is not representative of all GABAergic cells but rather, a subtype. There was no blocking peptide available for preabsorption control. For our GPER1 antibody, one study has used this antibody, which is targeted to the human GPER1 protein in the zebra finch and confirmed with Western blot and preabsorption control (46) . The antibody targets the extracellular domain of the GPER1 protein located between amino acids 175 and 225 (Uniprot: NP_001496.1), which is a domain of the receptor that is 82% homologous between human (Uniprot Q99527) and zebra finch (Uniprot H0ZDD2). Sections were transferred from cryoprotectant and went through a series of 0.1 M PB washes. Sections were blocked with 10% normal goat serum for 2 hours and then incubated in anti-GPER1, raised in rabbit (catalog no. MC-4268; RRID: AB_591551; MBL International), at a 1:2000 dilution, which previously has been validated in zebra finches (46) and anti-GAD67 raised in chicken (catalog no. ab75712; RRID: AB_1310248; Abcam) at 1:100 for 48 hours at 4°C. Sections were then washed in a 0.1% Triton X-100 PB, followed by an incubation in 1:200 goat anti-rabbit Alexa 488 secondary antibody (RRID: AB_2576217; Life Technologies) and 1:200 goat anti-chicken Alexa 594 (RRID: AB_142803; Life Technologies). After a final wash in 0.1% Triton X-100 PB, sections were mounted on slides with Prolong Diamond with 4 0 ,6-diamidino-2-phenylindole (DAPI) mounting media (Invitrogen). Images were taken of NCM using a Nikon A1SP confocal microscope at 310 and 360. z-Stacks (15 mm) as a projection image at 360 to illustrate antibody staining of GPER1 and relative expression level within the regions that were recorded from using electrophysiology is depicted (see Fig. 3 ). All GPER1 + and GAD67 + cell counts in 360 z-stack images of the dorsal NCM (dNCM) and ventral NCM (vNCM) were scored by an experimenter blinded to treatment conditions, and all quantified counts are normalized to DAPI.
Data analysis
All statistical analyses were performed using SPSS Statistics 22 and Origin 2017 (IBM). For sex comparisons across all studies during Trial 1 aCSF, between-subject analyses of variance (ANOVAs) were performed as well as sex-by-cell type comparisons and Student t test for sex comparisons of multiunitdependent measures. For neuromodulation studies (G36 and G1), a three-way mixed-factors ANOVA was performed initially for each study. We had power to detect this three-way interaction for auditory responsiveness in the G36 study, so we performed two-way ANOVAs for trial by cell-type fixing the factor sex for all analyses to determine cell type-specific effects within each sex. We were underpowered in other incidences to detect the threeway interaction; however, for other dependent measures in the G36 study (timing accuracy, count accuracy, firing rate), we performed the same two-way ANOVAs and detected significant two-way interactions. In the two-way ANOVAs, when a significant interaction for cell type and interaction was detected, we performed one-way ANOVAs, fixing the factor cell type to test whether each cell type was significantly altered by drug administration. If a significant treatment effect was detected in the one-way analysis, we then performed Tukey honest significant difference post hoc analyses on the within-subject groups (pre-
Results
NCM has both sex and cell-type differences in firing frequency and auditory responses
We first examined firing parameters in NCM for potential sex differences under aCSF (i.e., nondrug) conditions. In our analysis of multiunit data, we found that males and females had similar spontaneous firing rates [male 11.49 6 1.44 and female 9.37 6 1.21; t(52) = In contrast, when we examined data from our population of isolated single NCM units, sex differences emerged (Figs. 1C and 2 ).
For single units in NCM, neurons in females had an overall higher firing frequency than did males [F(1,112) = 5.88, P = 0.017; Fig. 2A ]. For stimulus-evoked firing NCM, neurons in females also had a higher firing frequency [F(1,112) = 6.6, P = 0.01; Fig. 2A ] and a trend for spontaneous firing [F(1,112) = 3.34, P = 0.07; Fig. 2A ]. Despite differences in firing frequency, both sexes were similar in overall normalized auditory responsiveness [z score; F(1,112) = 1.86, P = 0.18; data not shown]. We next evaluated the cell type-dependent auditory response properties in males and females. Narrow-spiking (NS) cells had a higher auditory responsiveness than broadspiking (BS) cells [F(1,112) = 7.16, P = 0.009; data not shown], and there was a trending interaction between sex and cell type for z score [F(1,112) = 2.84, P = 0.09], although with low statistical power (0.39). Therefore, we evaluated the cell type-dependent auditory response properties in individual tests fixing the factor sex to determine if the cell-type main effect was driven by one sex. This analysis revealed that NS cells in males were more responsive than BS cells [t(55) = 23.58, P = 0.001] and also that NS and BS cells in females were similarly responsive [t(57) = 20.63, P = 0.53; Fig. 2B ]. Therefore, NCM neurons differed between males and females in terms of firing rates, as well as the auditory response properties of NS vs BS neurons.
Males and females did not differ in how accurately NCM neurons represent individual stimuli via rate-based coding [count; F(1,112) = 0.18, P = 0.67] or for timing coding [timing; F(1,112) = 1.85, P = 0.18]. For both count and timing accuracy, narrow cells were more accurate than broad cells in both sexes [count: F(1,112) = 22.66, P , 0.001; timing: F(1,112) = 40.0, P , 0.001; Fig. 2D and 2E). Timing accuracy was higher than count accuracy [F(1,112) = 49.72, P , 0.001] for both sexes and cell types.
Cells were categorized into four groups, based on the results of the trial-shuffling analysis (see Materials and Methods): bicoding (both timing and count), timing, count, and neither, similar to Caras et al., (61) . Cells that code for stimulus types using timing accuracy (timing and bicoding cells) made up 93.1% of all cells collected. Timing-only cells were 25% of the population, and count-only cells were 1.7%. Bicoding cells were the majority of cells, with 68.1%. Males and females did not significantly differ in the proportion of stimulus coding types (x 2 = 1.56, P = 0.67; Fig. 2C ). The combination of both sexes (NS vs BS cells) significantly differed in the proportion of cell classification types (x 2 = 12.2, P = 0.007; Fig. 2C ). This effect was likely driven by the proportion of bicoding cells that constituted 85.1% of all NS cells but only 56.5% of all BS cells. In summary, NCM cells for both sexes preferentially used timing as opposed to countinformation coding, meaning that the timing of individual action potentials during the auditory stimulus provided more consistent and reliable coding for that stimulus type compared with a purely rate-based code (count). NS cells, in particular, used both kinds of information (bicoding) in greater proportion than did BS cells.
GPER1 is necessary for auditory responsiveness and coding in a sex-and cell type-specific manner GPER1 expression occurs in NCM (46) , and conventional nuclear ER agonists do not mimic the rapid actions of estrogens on NCM auditory processing (41). 
007). Specifically, narrow-spiking cells have more bicoding cells (85.1%) than broad-spiking cells (56.5%). (D and E) Means and standard errors for the average (D) timing accuracy and (E) count
accuracy of the correctly assigned sound types. Broad cells (gray) have lower count and timing accuracy than narrow cells (white) for both males and females. Confusion matrices above each bar depict a representative cell of the mean for that group. Colors on confusion matrix are a heat map of accuracy from 0% to 100%. Gray, dotted lines represent chance-level decoding accuracy (25%); # P 5 0.07; **P , 0.01; ***P , 0.001. 1, conspecific song 1; 2, conspecific song 2; 3, conspecific song 3; O, observed; P, predicted; W, white noise.
We confirmed the expression of GPER1 in dNCM and vNCM using immunofluorescence (Fig. 3) . We then tested the extent to which GPER1 activation is necessary for sex differences in auditory responsiveness and coding by administration of G36, a GPER1 antagonist, via retrodialysis, coupled to extracellular recordings in adult males and females. For auditory responsiveness in males, we detected a significant effect of treatment We next sought to determine whether the GPER1-dependent decrease in auditory responsiveness could be explained by changes in firing frequency in both the spontaneous period and stimulus-evoked period. We found a significant interaction between firing frequency and sex [F(1,40) = 9.48, P = 0.006] and a trend for firing frequency and cell-type interaction [F(1,40) = 3.31, P = 0.08]. We fixed our factor for sex and examined how cell types within sexes exhibited changes in firing rate with drug administration for spontaneous and stimulusevoked firing frequencies. GPER1 inactivation significantly decreased stimulus-evoked firing in male NS cells [stimulus-evoked main effect: F(2,8) = 9.78, P = 0.0071, pre vs G36, t(8) = 4.93, P = 0.020 (Fig. 4A, left inset) ; spontaneous main effect: F(2,8) = 5.76, P = 0.028, pairwise pre vs G36, t(8) = 4.01, P = 0.052 (Fig. 4A, left  inset) ]. All other comparisons were not significant [male BS spontaneous: F(2,12) = 1.36, P = 0.29, male BS stimulus evoked: F(2,12) = 1.27, P = 0.32 (Fig. 4A, left  inset) ; female BS spontaneous: F(2,14) = 0.87, P = 0.44, female BS stimulus evoked: F(2,14) = 0.44, P = 0.65, female NS spontaneous: F(2,6) = 0.44, P = 0.66, female NS stimulus evoked: F(2,6) = 0.19, P = 0.83 (Fig. 4A,  right inset) ].
Therefore, we reasoned that GPER1 inactivation should also change the coding properties of NCM single units, sex specifically. Accordingly, we found that in males, both count and timing accuracy showed a significant effect of G36 treatment [count: F(2,18) = 18.68, P , 0.001; timing: F(2,18) = 14.27, P , 0.001] and a significant cell type by treatment interaction [count: F(2,18) = 18.31, P , 0.001 (Fig. 4C, left) ; timing: F(2,18) = 14.59, P , 0.001 (Fig. 4B, left) ]. NS neurons in males exhibited a G36-dependent decrease in both count and timing accuracy [count: F(2,6) = 15.20, P = 0.0045, pre vs G36, t(6) = 6.18, P = 0.011 (Fig. 4C) ; timing: F(2,6) = 11.09, P = 0.010, pre vs G36, t(6) =4.84, P = 0.033 (Fig. 4B, left) ] during GPER1 inactivation; however, there was not a detectable effect in BS cells [count: F(2,12) = 0.26, P = 0.78 (Fig. 4C, right) ; timing: F(2,12) = 1.90, P = 0.19 (Fig. 4B, right) ]. In females, there was an overall treatment effect for count accuracy Fig. 4C, right) ; timing: pre vs g36, t(20) = 1.15, P = 0.70 (Fig. 4B, right) ].
In summary, inactivation of GPER1 produced a rapid and robust decrease in firing frequency, z score, and coding accuracy, specifically in NS NCM cells in males alone. Together, these results are consistent with the hypothesis that acute membrane ER signaling is key to auditory responsiveness and coding in a specific population of NS neurons in the NCM of males.
GPER1 activation is not sufficient to enhance auditory responsiveness or coding accuracy of NCM neurons
To test whether GPER1 activation is sufficient to enhance auditory responsiveness in NCM, akin to native estradiol [e.g., Remage-Healey et al. (8, 73) ], we tested two doses of the selective GPER1 agonist G1 (100 nM and 100 mM, referred to as low and high dose, respectively, later). The high dose did not alter single-unit auditory responsiveness [F(2,36) = 1.31, P = 0.28 (Fig. 5A) ; count accuracy F(2,38) = 0.006, P = 0.99 (data not shown)] or timing accuracy [F(2,38) = 1.61, P = 0.21 (53), which may mask GPER1-specific effects. Therefore, we selected a lower dose of G1 (100 nM) in a new set of experiments to test GPER1 sufficiency. However, similar to the high dose, again, we observed that the low dose did not alter auditory responsiveness [F(2,66) = 3.14, P = 0.05; pre vs G1 low, t(66) = 0.44, P = 0.95; Fig. 5B ], count accuracy [F(2,66) = 0.839, P = 0.44; Fig. 6B ], or timing accuracy [F(2,66) = 1.98, P = 0.15; Fig. 6A ]. There was also no significant sex-by-treatment interaction for the low dose Colors on the confusion matrix are a heat map of accuracy from 0% to 100%. Male broad (n = 7), male narrow (n = 5), female broad (n = 8), and female narrow (n = 4). Bar graphs depict means and standard errors. Gray, dotted lines represents chance-level decoding accuracy (25%); *P , 0.05; **P , 0.01; ***P , 0.001. 1, conspecific song 1; 2, conspecific song 2; 3, conspecific song 3; B, broad cell; N, narrow cell; ns, not significant; O, observed; P, predicted; W, white noise.
the factor sex, we observed a significant effect of G1 in . In summary, although we observed that GPER1 is key for both auditory responsiveness and , male narrow (n = 2), female broad (n = 8), and female narrow (n = 5). Low dose: male broad (n = 9), male narrow (n = 12), female broad (n = 11), and female narrow (n = 9). Figure 6 . Only male narrow cells decrease in auditory coding accuracy with GPER1 activation. All bar graphs depict means and standard error of the mean for the average accuracy across all correctly assigned sound types for both broad (gray) and narrow (white) units. Confusion matrices are representative examples of the means of the narrow single units only. Colors on confusion matrices are a heat map of accuracy from 0% to 100%. Graphs depict the lower dose of the G1 (100 nM) experiment. (A) G1 application decreased timing accuracy in males. (B) Count accuracy was not affected for either sex or cell type by G1 application. Low dose: male broad (n = 9), male narrow (n = 12), female broad (n = 11), and female narrow (n = 9). Gray, dotted lines represent chancelevel decoding accuracy (25%); *P , 0.05. 1, conspecific song 1; 2, conspecific song 2; 3, conspecific song 3; O, observed; P, predicted; W, white noise.
coding stimulus information in NS neurons in male NCM, our experiments with G1 indicated that GPER1 activation alone is not sufficient to mimic the rapid effects of estradiol on NCM neurons in either sex.
GPER1 is expressed in inhibitory neurons in NCM, but the expression is not sexually dimorphic As we observed a sex-specific effect of GPER1 inactivation on auditory responsiveness and coding accuracy, we hypothesized that this could be a result of differences in GPER1 expression between male and female NCM. As G36 specifically modulated NS cells in males, and prior work has putatively identified NS cells as inhibitory interneurons, we performed colabeling immunofluorescence for GPER1 and the GABAergic neuronal marker, GAD67, which we show only marks a subset of inhibitory neurons (Fig. 7) . First, we observed that vNCM had higher expression of GPER1 and GAD67 than dNCM [GPER1: F(1,10) = 9.32, P = 0.012; GAD67: F(1,10) = 5.18, P = 0.046]. Second, we observed that ;20% of GAD67-positive cells in NCM were also positive for GPER1, consistent with the hypothesis that estrogens act, in part, to shape inhibition in NCM (Fig. 8) and that coexpression of GPER1 and GAD67 was similar between regions of vNCM and dNCM [F(1,10) = 0.32, P = 0.59]. Third, we also found that in both dNCM and vNCM, GPER1 expression and GAD67 expression were not different between the sexes [dNCM: GPER1: F(1,12) = 0.11, P = 0.75, GAD67: F(1,12) = 2.91, P = 0.12; vNCM: GPER1 F(1,11) = 0.21, P = 0.66, GAD67: F(1,11) = 0.19, P = 0.68]. Last, we also did not find sex differences in GPER1-GAD67-colabeled cells [percent of GAD67, dNCM: F(1,12) = 0.14, P = 0.71, vNCM: F(1,11) = 1.19, P = 0.30 (Fig. 8F) 
Discussion
We observed several sex differences in neurophysiological parameters in the songbird auditory forebrain. First, female single units identified from extracellular recordings had a higher firing frequency. Second, male singleunit auditory responsiveness was elevated in NS compared with BS cells. We also found that GPER1 inactivation caused decreases in auditory responsiveness and coding accuracy in male NS cells; however, it was not effective in either cell type in females. Furthermore, when responses to stimuli were computationally decoded, spike timing and count classification accuracies were higher in NS than BS in NCM for both sexes.
Our findings indicate that brain regions that are similar in morphology and cytoarchitecture between males and females can exhibit marked sex differences in the physiology of single neurons. Prior work on the songbird NCM and caudomedial mesopallium reported sex differences in auditory-evoked, immediate early-gene expression (10, 74, 75) and multiunit response magnitude (7) . Other regions of the songbird auditory network also exhibit sex differences in single-neuron call responses and tone-amplitude coding (61, 76) . Our work builds on this foundation to show that separate classes of NCM neurons (NS and BS) can respond to conspecific songs in a sex-specific way.
Male zebra finches sing learned vocalizations during courtship, and females do not ordinarily sing (77) . Therefore, our report of sex differences in song responsiveness and coding in NCM could reflect divergent role(s) for song in auditory salience, valence, and life history in males vs females. Outside of the auditory system, sex differences in the single-unit representation of sensory stimuli have been most clearly delineated for sex-specific pheromonal responses in reptiles (78) and rodents (79) . Interestingly, these differences are also associated with estrogen-dependent signaling mechanisms, such as those shown here (79, 80) . Estradiol has long been implicated in its role for organizing sexually dimorphic brain regions, circuits, and behavior; however, more recently, its role as a rapid neuromodulator has become apparent. Although auditory processing is regulated by rapid estrogen Figure 7 . Anti-GAD67 targets some GABAergic neurons but not all. Images are (upper) a 360 original magnification section of the cerebellum and (lower) a 360 original magnification z-stack maximal projection from vNCM. DAPI (blue), CALB (green), and GAD67 (magenta) are shown. Notably, there is complete coexpression between CALB and GAD67 in the Purkinje cell bodies of the cerebellum, known GABAergic neurons, but no coexpression in vNCM. This depicts that anti-GAD67 is only targeting a subset of GABAergic neurons that in the NCM are distinct from other GABAergic subtypes, such as those labeled with CALB antibodies.
signaling in both male and female zebra finches, our study indicates that such sensory brain regions that are under sex-specific experiential and evolutionary pressures may have sex differences in neuromodulation.
In addition to the sex differences described above, we examined the coding properties of NCM neurons. We used a pattern classifier (61, 62) to determine how NCM units discriminate among conspecific songs and whether this differed between the sexes and cell types. Despite sex differences in neuronal firing profiles, pattern-classifier coding was similarly accurate for recordings from male and female NCM. This result indicates that even though there are sex differences in neuron responsiveness to songs, these neuronal "strategies" do not impact the neuronal coding for discrimination among conspecific songs. Future work examining different categories of songs that may be more salient for one sex (i.e., tutor song, mate song, preferential male song, etc.) may uncover sex differences in coding properties in NCM. Our analysis also indicated that NCM cells, in general, were more temporally consistent when responding to the same conspecific song. When characterizing cells as count, timing, or bicoding, there was a strong bias toward cells that exhibited timing accuracy significantly above chance and not count accuracy alone. This was consistent with previous NCM recordings in males (62) and with Caras et al. (61) , who found that both primary and secondary auditory regions showed a greater proportion of neurons that were categorized as timing or bicoding for tone stimuli. We now report cell type-specific differences in auditory coding of individual songs in NCM and that this feature is not different between males and females.
Prior studies of BS and NS in songbird auditory cortex have focused exclusively on males. BS cells contribute to background-invariant coding of vocalizations (67), selectivity to songs after tutoring (14) , and sensitivity to song sequence (60) . Our study in both sexes showed that BS and NS neurons differentially responded to auditory stimuli in two specific ways. First, NS cells responded to conspecific song more strongly in males only. Second, NS cells exhibited higher timing and rate-coding accuracy, indicating that NS are better at distinguishing among stimuli. Previous findings showed that BS neurons in NCM had greater selectivity for specific song types after tutoring (14) . Taken together, BS neurons may be selective for specific songs, whereas NS neurons have greater coding accuracy and favor a bicoding computational mode. Although NS cells are putatively inhibitory interneurons, this assignment has not been validated in NCM, and there are exceptions to spike-width duration in the classification of these cell types [e.g., narrow, fastspiking cells can be excitatory neurons in the primate cortex (81) ]. NCM is also thought to be a locus for auditory memory (12) (13) (14) , so the cell type-specific coding of conspecific songs in NCM will be important to explore to understand the neural basis of perception and individual recognition.
Our study demonstrates a role for GPER1 in sensory processing. We found that the blocking of GPER1 signaling led to decreases in firing rate, auditory responsiveness, timing accuracy, and count accuracy in male NS neurons, revealing that for this sex and cell type, GPER1 is critical for auditory activation and coding of stimuli. Sex-specific mechanisms for rapid estradiol signaling have been described in other brain regions, such as the hippocampus (82, 83) . These rapid actions can facilitate changes in behavior, and similar to the modulation of NCM by neuroestrogens (8, 39, 56) , neuroestrogens also alter hippocampal memory formation and consolidation (47, 55, (84) (85) (86) (87) . We found that even though there is a sex-and cell type-specific mechanism of GPER1 in auditory-specific neuron firing, we did not detect sex differences in GPER1 expression in the NCM. Sex differences in physiology also exist in other species and brain regions in which anatomical descriptions and protein expression are not sexually dimorphic. For example, despite similarities between the sexes in expression of GPER1 and aromatase (49, 88) , there are noted sex differences in physiological responses to estradiol in the hippocampus (51, (89) (90) (91) . Our study is consistent with these findings and emphasizes the importance of physiological investigations to understand sex differences in the brain.
Although our findings implicate GPER1 in auditory processing, the signaling mechanism may be independent of the previously established role of estradiol in the songbird forebrain. The agonist for GPER1, G1, did not mimic the overall enhancement of auditory processing by estradiol in both sexes (8, 39) . One resultant hypothesis is that estradiol acts through multiple membrane ERs concurrently, as classical nuclear ER agonists do not enhance auditory responsiveness in males (41) . Future work should consider concurrent activation of multiple ER subtypes for auditory processing in NCM. There is evidence for a multi-ER mechanism in synaptic hippocampal neurotransmission (50) , and whereas GPER1 and estradiol can enhance hippocampal-dependent object recognition, estradiol depends on mitogen-activated protein kinase kinase-extracellular signal-regulated kinase signaling, whereas GPER1 depends on the c-Jun N-terminal kinase pathway (47) , indicating that there are nonestradiol actions of GPER1 activation. One surprising observation in this study was a decrease in timing accuracy during application of the low-dose GPER1 agonist. This occurred in male NS cells, which were also sensitive to the antagonist. Although counterintuitive that the agonist and antagonist would have similar directional effects on timing accuracy, given the smaller effect size (and lack of agonist-dependent changes in z score, firing frequency, and count accuracy), this is consistent with the hypothesis that GPER1 activation initiates alternative mechanisms that are independent of estradiol signaling in the zebra finch. Another interpretation of a lack of G1 enhancement of song responsiveness may be a result of the high production of locally synthesized estradiol in NCM. The administration of an aromatase inhibitor to block local estradiol synthesis could help disentangle these findings.
We did not observe a washout of antagonist on auditory responses and coding. Rather, some effects not only persisted into the post-aCSF but also sometimes became stronger. There is some evidence that GPER1 has effects on synaptic plasticity via changes in spine dynamics. Rapid estrogenic actions have been implicated before in long-term potentiation (82, 92) , as well as a mechanism for learning and memory (93, 94) , so the lack of a washout here could be explained by a fundamental, long-lasting change in the NCM modulatory "state" after application of the antagonist. Future experiments using this approach could extend the time course of observations to examine potential washout effects beyond the 30-to 40-minute observations in this study.
Prior work in songbirds has identified other sexspecific differences in auditory coding that may be mediated by peripheral estrogens. Previous findings in Field L and caudomedial mesopallium demonstrated that bicoding cells in females are sensitive to breeding photoperiod (when peripheral estrogen levels are high), where both timing accuracy and temporal resolution increased compared with the nonbreeding season. This effect of season does not occur in males (61) . We find that GPER1 inhibition decreased auditory responsiveness and coding for both timing and count-classification accuracy but only in males. Whereas the previous study infers that these effects are mediated via hormonal actions, our study suggests an ER mechanism that directly affects coding in the auditory forebrain in a sex-specific way. Gonadal production of testosterone and estradiol can mediate brain-derived estradiol production, as well as membrane steroid receptor activation. Peripheral hormones have long been understood to affect auditory activity (16) . Gonadal hormones can also affect aromatase expression in the brain (34) , which can impact the local supply of estrogen available for neurons. In our study, both males and females were gonadally intact, and future work could determine how gonadal hormones contribute to sex differences in NCM firing properties and GPER1-mediated changes in auditory responsiveness.
Our electrophysiology results led to the hypothesis that a sex difference in GPER1 receptor expression occurs in subregions of NCM. We found that a GPER1-positive cell number was similar between males and females, and we established that ;20% of GAD67-positive cells in NCM are also positive for GPER1, consistent with the hypothesis that estrogens act, in part, to shape inhibition in NCM (Fig. 8) . However, we did not observe sex differences in the number of cells coexpressing GPER1 and GAD67, as well as a lack of expression with interneuron markers parvalbumin or CALB (data not shown). Other inhibitory interneuron subtypes, such as somatostatin and vasoactive intestinal peptide, which are important auditory cell types in mammalian cortex (95) (96) (97) , could be explored further to account for the sex differences observed here. Excitatory cell types and their relationship to GPER1 have not been characterized in finches, despite their obvious importance. Local network connections between GPER1-positive cells and other NCM cell subtypes now become an active area of interest in this work. Overall, these results indicate that despite a similarity in GPER1 expression, sex differences in physiological responses to antagonism persist.
The temporal cortex of humans can produce estradiol locally, including at synaptic terminals (33) , much like the zebra finch NCM (34, 36) . Although there has not been an anatomical description of GPER1 in the human brain, GPER1 has been shown to be expressed in the primate cortex associated with synaptic densities (45) . Our findings suggest that sex is a fundamental factor when examining mechanisms of audition and that it is worthwhile to explore neuroestrogen signaling and GPER1 in the primate auditory cortex, considering sex as a biological factor. In the context of life history and reproductive strategies for the sex and species of interest, brain areas that process sensory information should be explored further for sexually dimorphic mechanisms and in particular, considering neuromodulatory mechanisms of estrogens.
